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Abstract. In this work we depict schematically the use of resonant
(anomalous) X-ray diﬀraction as a tool to directly probe strain and
composition of self-assembled semiconductor islands. By employing a
direct analysis at the Eu L3 edge its composition gradient is quantiﬁed
for EuTe:SnTe capped islands. Projection maps are proposed to visu-
alize the results, providing an alternative capability to infer quantum
dot properties. A more complex methodology is applied to the study of
InP:GaAs islands, in which complementary anomalous measurements
are performed. For this system the number of samples analyzed allows
us to extract the activation energy for Ga adatoms diﬀusion from the
substrate to the islands.
1 Introduction
Resonant X-ray scattering has been explored in crystallography since the early exper-
iments in X-ray tubes [1]. With the advent of synchrotron radiation the selection of
one or more speciﬁc X-ray energies for performing scattering/diﬀraction experiments
became easier due to the availability of such continuous spectrum sources [2]. X-ray
diﬀraction is a non-destructive technique and can provide statistical information over
large areas of the studied materials. Its use to investigate self-assembled quantum
dots spans from the ﬁrst grazing-incidence diﬀraction experiments [3] to the recent
achievements in coherent diﬀraction imaging [4]. The description of nanostructures by
X-ray methods has, therefore, remarkably evolved towards quantitative tomographic
results. In particular, anomalous (resonant) scattering has played a crucial role in
this ﬁeld, depicting composition gradients that are mandatory to retrieve the com-
plete scenario of nucleation and growth processes which take place during epitaxial
island formation [5].
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Hetero-epitaxial self-assembled islands and quantum dots (QDs) have provided
to the scientiﬁc community interesting systems not only for their quantum conﬁne-
ment capabilities but also for possible ﬁne tuning of such properties in the design
of devices [6,7]. This tuning, however, is not simple, since several aspects inﬂuence
the physical properties of QDs, such as chemical composition, island size, strain, cap-
ping, among others. The pseudomorphic growth of QDs on a substrate with a diﬀer-
ent lattice parameter leads to the formation of elastically strained three-dimensional
structures [8] in which strain relaxation can take place in the form of lattice para-
meter gradients [3] or by the creation of dislocations. The latter process renders the
dots optically inactive, while elastic relaxation by strain and composition gradients
may lead to optically active QDs with very diﬀerent properties with respect to bulk
materials [9]. Complete structural and chemical description of the QDs is, therefore,
crucial to determine which growth parameters yield the desired properties and, by
understanding the ﬁnal scenario, infer the overall electronic behavior of such nano-
objects.
Intensive work has been done to determine the dependence of optical and elec-
tronic properties on concentration for binary – such as Ge:Si(001) [6] – and ternary
III-V systems – e.g., InAs/InAsP [7] and InGaAs/GaAs(001) [7]. However, little is
known about ternary IV-VI magnetic QDs as well as for quaternary III-V systems.
Resonant X-ray Diﬀraction (RXD) [10–14] in grazing incidence geometry (GID) has
indicated, along with Electron Energy Loss Spectroscopy (EELS) [15], that none of
these QDs are free from substrate atoms. A probe that determines simultaneously the
concentration of each element inside the QDs as well as the strain they are submitted
is thus necessary to better understand the inﬂuence of growth parameters on the ﬁnal
characteristics of the islands.
In this review we show how the combination of iso-strain scattering and anomalous
diﬀraction methods can be employed to retrieve lattice parameter and composition
proﬁles for EuTe:SnTe and InP:GaAs islands. A projected visualization is proposed
to interpret the Eu concentration distribution in the buried islands of the ﬁrst system,
while the activation energy for Ga adatom incorporation is obtained for III-V islands.
The paper is ordered as follows: we ﬁrst depict strain and composition of
EuTe:SnTe islands, by directly accessing the Eu L3 absorption edge. Secondly,
InP:GaAs islands are studied by means of complementary anomalous diﬀraction at
the Ga and As edges (In and P edges are out of the energy range accessible by our
experimental setup).
2 Experimental
Grazing-incidence X-ray diﬀraction measurements were performed at beamlines
XRD1 and XRD2 of the Brazilian Synchrotron Light Laboratory (LNLS), in Camp-
inas. Both facilities are equipped with similar X-ray optics, including a cylindrically
bent Rh-coated mirror, used to suppress high energy harmonics and focus the beam
vertically. The diﬀractometers used have independent circles allowing to tune the
incident angle for measurements at GID geometry. At the XRD2 beamline a 4 + 2
circle diﬀractometer was used while at XRD1 the measurements were performed in
a 2-circle diﬀractometer with an independent αi arc. The scattered signal was inte-
grated over the exit angle αf ranging from 0
◦ to 1.5◦ in both beamline setups [3].
Although high momentum transfer measurements allow for more pronounced anom-
alous eﬀect – as explored in ref. [12] – we have restricted our analysis to the most
intense reﬂection at low momentum transfer [i.e. (220)] since weak bending magnet
sources at a second generation synchrotron were used. Whenever higher photon ﬂux
or larger acquisition times can be used for this kind of resonant experiment is it useful
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to access high-momentum reﬂections such as (440), (800), etc, allowing for enhanced
chemical contrast.
EuTe islands were grown at 200 ◦C by molecular beam epitaxy (MBE) on a
BaF2(111) freshly cleaved substrate of 15 × 15mm. To clean the substrate surface
from adsorbed water and impurities, it was ﬁrst heated to 150 ◦C during 30min in
the MBE preparation chamber, and then to 400 ◦C during 15min in the growth cham-
ber. The substrate was then covered with a 2μm-thick SnTe buﬀer obtained using a
compound SnTe source. During the growth of the EuTe dots, a Eu source and two Te
sources were used. EuTe growth details are discussed in ref. [16]. Finally, the islands
were capped by 20 monolayers (ML) of SnTe to protect them from oxidation.
Four samples of uncapped InP islands were grown by Chemical Beam Epitaxy on
a clean GaAs(001) substrate after oxide layer removal at 600 ◦C for 15 minutes. A
GaAs buﬀer layer was grown at 550 ◦C for 30 min in arsine (AsH3) atmosphere using
triethylgallium (TEGa) as precursor for Ga atoms. The temperature was then lowered
to the growth temperature (Tg) of the QDs: TG = 470
◦C (sample A), TG = 500 ◦C
(sample B) and TG = 530
◦C (sample C). The QDs were grown on thermally cracked
phosphine (PH3) atmosphere and Trimethyl Indium (TMIn) was used as precursor
for In atoms. Eight equivalent monolayers of InP were grown at a growth rate of
0.2EQ-ML/s. During the entire growth process, the RHEED proﬁle of the sample
was followed. The In shutter was closed as soon as the winged pattern of the QDs
appears on the RHEED proﬁle. The temperature was then lowered to room temper-
ature in PH3 atmosphere. A fourth sample (sample D) was grown at TG = 500
◦C
but with the In-ﬂux reduced to 50% its original value, corresponding to a growth
rate of 0.1EQ-ML/s. The deposition time for this sample was longer so that the same
amount of material was deposited, i.e., 8 equivalent monolayers [17].
3 Results and discussion
3.1 EuTe islands on SnTe
The europium chalcogenides EuX (X = O, S, Se, Te) are magnetic semiconductors,
considered model Heisenberg magnets, with strong and localized magnetic moments,
that can ﬁnd applications in prototype spintronic devices. Studied since the sixties,
they have recently attracted renewed attention due to the availability of high quality
MBE grown samples. Within this family, EuTe is an antiferromagnetic (AFM) ma-
terial with AFM type II ordering. New adsorption and photoluminescence lines were
discovered in EuTe ﬁlms, as well as magnetic correlations in EuTe/PbTe superlat-
tices, all grown by MBE [18–20].
Heterostructures and ternaries of EuX (X = O, S, Se, Te) and IV-VI semiconduc-
tors can be easily obtained since these families share the same NaCl structure and
have similar lattice parameters. Ordered stacks of PbSe non magnetic quantum dots
with PbEuTe spacers have been grown, controlling dots arrangements with the spacer
thickness [21].
AFM images of the sample show almost only the cap layer with narrow trenches.
In other samples, partially covered with only 10 ML SnTe cap layer, EuTe lens-shaped
QDs are observed, with a 100 A˚ radius and 20 A˚ height (Fig. 1) [16]. In order to quan-
tify the Sn interdiﬀusion in the EuTe QDs, we used X-ray anomalous diﬀraction. The
measurements were performed at beamline XRD2 at LNLS. The Eu absorption edge
with higher contrast reachable in our beamline was Eu L3, at 6970 eV. Near the Eu
L3 edge, the scattering factor of the other elements present in the sample, Sn and Te,
remain almost constant [Fig. 2(a)].
To ﬁnd the values of f ′ and f ′′ we ﬁrst measured the ﬂuorescence signal from an
EuTe thin ﬁlm in an interval of 160 eV centered at the tabulated Eu L3 absorption
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Fig. 1. Atomic force microscopy image of 8ML EuTe QDs with 10ML SnTe cap layer. See
ref. [16] for more details.
Fig. 2. Atomic scattering factors for all atomic species studied in this work as a function
of photon energy. The values of f0 were corrected according to the q value for the (220)
reﬂection in EuTe and InP systems, as described in the text. (a) Theoretical real (f0 + f
′)
and imaginary (f ′′) parts of the atomic scattering factor for Eu, Te and Sn. (b) Calculation
of f0 + f
′ from f ′′ measurements for Eu, following ref. [1]. (c) Measured f0 + f’ for Ga and
As edges. (d) Detail of retrieved real part of atomic scattering factors for As and Ga.
edge. This measurement was normalized to ﬁt into the tabulated f ′′ values for Eu in
a much wider energy range. f’ values were then calculated using the Kramers-Kronig
dispersion relation (Fig. 2(b)), following ref. [1].
The variation in the atomic scattering factor near the Eu absorption edge results
in diﬀerent scattered intensities of the diﬀraction patterns measured at diﬀerent en-
ergies. This can be readily observed in the longitudinal scans along the hkl (2 -2 0)
SnTe reﬂection, measured at the absorption edge and 150 eV below (E1 = 6820 eV,
and E2 = 6971 eV) [Fig. 3(a)]. The narrow peak at h = 2 corresponds to the SnTe
buﬀer layer. A broad shoulder appears to the left of the SnTe peak, resulting from
the scattering of the EuTe quantum dots (aSnTe = 6.327 A˚ and aEuTe = 6.598 A˚ for
bulk). As expected, the two scans in Fig. 3 diﬀer mainly in the EuTe QDs shoulder
region [10].
The Eu concentration in the QDs can be extracted as a function of local lat-
tice parameter from the diﬀraction patterns measured at two diﬀerent energies. Both
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Fig. 3. (a) Grazing incidence longitudinal diﬀraction scans measured at two diﬀerent en-
ergies: 6820 eV (151 eV below the absorption edge) and 6971 eV (at the absorption edge).
Angular scans measured below the absorption edge and at the absorption edge, at selected
h positions: (b) h = 1.94, (c) h = 1.975 and (d) h = 2.015.
EuTe and SnTe have fcc structures. Hence, for the hkl (2–20) reﬂection, the structure
factor can be calculated as |F|2 = 16(fEu + fTe)2, where fEu and fTe are the atomic
scattering factors for Eu and Te, respectively. If there is interdiﬀusion of Sn from the
SnTe buﬀer layer within the EuTe dots, the diﬀracted intensity for the QDs will be
the square of the Eu concentration (CEu) weighted sum of the atomic factors of Eu
and Sn:
I ∝ |[CEufEu + (1− CEu)fSn] + fTe|2 . (1)
Since the atomic scattering factors depend on the energy of the X-rays, the measured
intensity will vary with energy as shown in Fig. 2(b). The term CEu from Eq. (1)





|[CEufEu1 + (1− CEu)fSn] + fTe|2
|[CEufEu2 + (1− CEu)fSn] + fTe|2
, (2)
where sub-indexes 1 and 2 refer to measurements at diﬀerent energies E1 and E2. The








I1 [fEu2 − fSn]−
√
I2 [fEu1 − fSn]
. (3)
The equation above can be evaluated providing the Eu concentration CEu at any two
points of the longitudinal scans. In Fig. 3(b, c), we show angular scans measured
at h = 1.94 and 1.975 [marked in Fig. 3(a) with arrows], at two energies. Angular
scans at h = 2.015 (where no Eu contrast eﬀect is expected) were also compared to
check if any background or intensity normalization was necessary, but they matched
perfectly as shown in Fig. 3(d). Using the integrated intensities of the angular scans
at h = 1.94 and 1.975 one can also calculate the Eu concentration, yielding values
of 0.6 and 0.3, for h = 1.94 and h = 1.975, respectively. The peak widths of the
angular scans are the same for the two energies. These widths decrease for higher
strain (or low H) regions, consequently showing that islands are more strained at
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Fig. 4. (a) Eu concentration proﬁle as a function of reciprocal space position (and conse-
quently in-plane lattice parameter) for the EuTe islands studied in this work. The solid line
is a polynomial ﬁt to the experimental data. (b) Angular scan widths (squares) and lateral
size (open triangles) of iso-lattice parameter regions obtained at the vicinity of the SnTe
(220) reﬂection. Projection reconstructions of local lattice parameter (c), Eu concentration
(d) and in-plane strain (e) extracted from the datasets of (a) and (b) are shown.
the island base. The island diameters derived from these widths range from 80 A˚ to
130 A˚.
Figure 4(a) shows the Eu concentration as a function of (H, K) obtained from
the longitudinal scans, in good agreement with the isolated results from the angular
scans. The solid line is a polynomial ﬁt to the data. The ﬁt reaches a maximum at
H ∼ 1.925, yielding a lattice parameter of 6.57 A˚, 0.4% away from the bulk value
of 6.598 A˚. Even in this region the Sn interdiﬀusion is signiﬁcant, about 25% of the
Eu atoms substituted by Sn according to the anomalous diﬀraction result. This is in
apparent contradiction with the narrow miscibility range of the Sn1−xEuxTe ternary.
For bulk unstrained crystals of Sn1−xEuxTe with x ∼ 0.02, EuTe clusters are already
observed. Miscibility in Sn1−xEuxTe is hindered due to the 4.3% lattice mismatch be-
tween EuTe and SnTe, and the 20% diﬀerence in Eu and Sn atomic radius. However,
it has been shown that strain in the ternary Sn1−xEuxTe can widen the miscibility
range up to x ∼ 16% [22]. We infer, therefore, that the relatively high interdiﬀusion
values observed here probably result from the strain present in the QDs layer.
Figure 4(b) shows the widths of angular scans and the respective side lengths
of each iso-lattice parameter region obtained from 2π/q// as a function of (h, k).
Although the lateral size of the iso-lattice parameter regions cannot be used to re-
construct the three-dimensional composition proﬁle of QDs – contrary to uncapped
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nanostructures [10,17] – the results of Fig. 4(b) can be employed to draw a two-
dimensional projection map of in-plane local lattice parameter a = aSnTeh/2 (consid-
ering |h| = |k|) – for EuTe islands. In such iso-strain projections the areas with each
lattice parameter are drawn following the simple ellipse constraint (x2 + y2/L2) ≤ 1,
where x,y and L are the coordinates and iso-lattice parameter lateral size along the
[1–10] and [2,11] directions, here considered the same accordingly to the equal L sizes
obtained from measurements in the 〈220〉 family of reﬂections [23]. Figure 4(c) shows
the in-plane iso-lattice parameter projections for dots. The projection analysis can
be extended by correlating local lattice parameter and composition results from Fig.
4(a). Since in this ﬁgure the local composition is obtained for each lattice parameter,
this chemical information can be directly correlated to the equivalent lattice parame-
ter projection in Fig. 4(c). The result–a composition projection map–is shown in Fig.
4(d). The resulting projections show that central regions are more Eu-rich than re-
gions at the periphery of dots. Finally, the local in-plane strain (ε//) projection can be
obtained by ε// = (a// − arelaxed)/arelaxed, where a// is the local in-plane lattice para-
meter from projections of Fig. 4(c) and arelaxed is the bulk lattice parameter obtained
from Vegard’s law for the given EuTe/SnTe concentration of Fig 4(d). Although these
maps do not provide the three-dimensional composition proﬁle of EuTe dots, they can
be used to infer information about electronic properties of our nanostructures as well
as quantum conﬁnement in similar QDs [24].
3.2 InP islands
III-V semiconductor alloys show a wide possibility for physical properties tuning as
well as diﬀerent substrate options and various growth techniques. A main issue in
III-V islands growth is the interdiﬀusion of substrate atoms into the islands, which
occurs mainly due to the chemical aﬃnity of the elements involved, the high growth
temperatures and the elastic energy minimization in the nanostructures.
In this section, we have determined the concentration proﬁle of all chemical species,
as well as the strain of InP islands grown on GaAs(001), by performing resonant X-ray
diﬀraction in grazing incidence geometry. The inﬂuence of the growth temperature
and indium ﬂux on the proﬁles was addressed and found to be determinant on the
concentration of substrate atoms on the resulting islands, as well as the strain stored
on the QDs.
Figure 5 shows AFM images for all InP samples studied in this work. Sample
A displays a bimodal size distribution, with few very large (probably incoherent)
islands and smaller coherent islands [25]. The formation of large incoherent islands
is associated to limited mobility of the adatoms on the (relatively) cold surface of
the substrate. Sample B presents a homogeneous distribution of islands covering the
entire surface of the sample, while sample C shows small sparse islands similar to
surface roughness [17]. The sample grown with lower In ﬂux – sample D – has shown
a lower island density when compared to sample B, and the deposited material is
concentrated in slightly larger islands.
Radial scans spanning in reciprocal space in the vicinity of the GaAs (220) in-
plane reﬂection for h = k and l = 0 are shown in Fig. 6 for samples B and D. Such
measurements probe the existence of an in-plane lattice parameter gradient inside
the islands [3,10,25]. The intense GaAs(220) substrate peak is not shown for clarity.
The shoulder at lower q values corresponds to scattering of strained island mater-
ial that relax from a fully strained condition matching the GaAs lattice parameter
(aGaAs = 5.653 A˚) towards the InP unstrained lattice parameter (aInP = 5.868A˚).
Scans were performed at the K-edge and below the K-edge, for comparison purposes,
for both Ga and As. The variation of scattered intensity observed takes place due
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Fig. 5. AFM topographic images of InP islands obtained in diﬀerent growth conditions.
High In ﬂux was used in samples (a) A–470 ◦C, (b) B–500 ◦C, (c) C–530 ◦C while a low In
ﬂux was used in (d) D–500 ◦C.
Fig. 6. Radial scans around the (220) reﬂection shows the variation of intensity in the
scans were Ga or As atoms are present for the samples grown at 500 ◦C. (a) and (b) show
concentration contrast for the high ﬂux sample and (c) and (d) are the results for the low
ﬂux sample. Scans on the left were performed below and at the Ga K-edge (a and c) and on
the right below and at the As K-edge (b and d).
to changes in the scattering factor for these atoms close to the absorption edges, as
shown in Fig. 2(c,d). The intensity observed in Fig. 6 is reduced close to the ab-
sorption edges for all graphs, indicating the presence of substrate atoms inside the
islands. The contrast is larger for Ga in both samples, which is expected, since the
samples were grown on P atmosphere, representing an inﬁnite reservoir of this atomic
species, whereas the incoming In precursor did not eﬀectively adsorbed on the growth
surface for the growth temperatures used, driving the incorporation of Ga into the
islands. The matching of the diﬀraction intensities for all curves were based on radial
scans performed in sample A (not shown here), in which the intensity of the peak of
incoherent (relaxed) InP islands does not vary.
The energy dependence of the X-ray scattered intensity for the (220) reﬂection is
a function of the structure factor for the zinc blend crystalline structure as well as
the concentration of each atomic species and ﬁnally, their atomic scattering factors.
For GaAs, one obtains the following expression for the scattering structure factor:
















+ f (1)f (2)2 cos
[π
2
(h+ k + l)
]}
, (4)
where is the complete atomic scattering factor, f (1) = f0(q) + f ′(E) + f ′′(E). De-
pending on the combination of Miller indexes, the reﬂection is forbidden or not. A
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quick analysis of the possibilities yields the following rules (consider n integer). For
all indexes h,k,l being even one obtains two possible types of reﬂections:
h+ k + l = 4n→ I ∝ |Fhkl|2 = 16(f (1) + f (2))2, (5)
h+ k + l = 4n+ 2→ I ∝ |Fhkl|2 = 16(f (1) − f (2))2. (6)
The intensity observed at the (220) reﬂection follows Eq. (5). When quaternary islands
are considered the system has 4 (rather than 2) chemical species, that occupy well
deﬁned crystallographic sites, i.e., type III(V) atoms replace type III(V) atoms. The
diﬀraction intensity is then given by the square of a coherent sum of the atomic
scattering factors from each species weighed by their concentrations:
I = k(CGafGa + CAsfAs + CInfIn + CP fP )
2, (7)
where indicates the concentration of the n-element and its respective atomic scattering
factor and k is an energy independent constant. Considering that all type III (V)
occupy the same position on the crystal, the Ga (As) and In (P) concentrations are
complementary, that is, CGa + CIn = 1(CAs + CP = 1). Since neither the In K-edge
(E = 27940 eV), or the In L1 edge (E = 4237 eV) and the P K-edge (0.530 eV) are
available within the energy range accessible in the beamlines used (5 keV–15k eV),
determination of Ga and As concentrations as complementary to In and P is the
only way to quantify the concentration of these elements in the islands. As the X-
ray energy approaches a K-edge of a given element, the atomic scattering factor of
this speciﬁc chemical species varies considerably, while the other scattering factors
for all other elements present in our quaternary system remain nearly constant. For
the scans performed at the four selected energies scans – E1 = 10367 eV (Ga edge),
E2 = 10268 eV (below Ga edge), E3 = 11867 eV (As edge), E4 = 11751 eV (below





CGafGa(E1) + CAsfAs + (1− CGa)fIn + (1− CAs)fP







CGafGa + CAsfAs(E3) + (1− CGa)fIn + (1− CAs)fP
CGafGa + CAsfAs(E4) + (1− CGa)fIn + (1− CAs)fP
)2
.
Isolating for CGa and CAs, one obtains the concentrations of all four elements,






























The constants BGa and BAs contain all the variables that do not change as the pho-
ton energy is tuned to the element edge. Evaluating the concentrations of Ga and As
and, consequently, In and P, one obtains the proﬁles shown in Fig. 7.
In samples A and B the Ga and As concentration falls rapidly with lattice pa-
rameter, indicating the presence of substrate atoms only on the base of the islands,
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Fig. 7. Element concentration as function of lattice parameter for the four elements present
in all samples.
where the lattice parameter is closer to that of the GaAs substrate. The high ﬂux
sample grown at 530 ◦C (sample C) presents a high Ga concentration throughout the
whole island, forming an InGaP ternary alloy. In sample D, the growth of islands at
500 ◦C with low In ﬂux also leads to higher Ga content inside the islands in compar-
ison to sample A. Such behavior indicates the presence of a surface kinetic diﬀusion
mechanism that takes place during island growth and allows Ga atoms to replace
missing In atoms in the structure due to the reduced income of the latter species. An
interesting comparison can be drawn between samples grown at 500 ◦C with diﬀerent
In-ﬂuxes. The Ga concentration in sample D remains high up to larger lattice para-
meters than sample B, indicating considerable migration of substrate atoms to the
islands to compensate the small inﬂow of In atoms. The higher As concentration help
to decrease the overall strain, and therefore a higher concentration of As atoms are
incorporated into the island, forming an As-Ga rich alloy with less strain.
The concentration proﬁles for the four samples reveals the dynamics of the In
precursor as it reaches the growth front. For samples A (high ﬂux, 470 ◦C) and B
(high ﬂux, 500 ◦C) the In precursor is cracked once it reaches the surface, producing
In adatoms that remain attached to it. The main diﬀerence between these samples is
not compositional but structural, since reduced adatom mobility is observed for sam-
ple A, leading to the formation of incoherent large islands. Sample C (high In ﬂux,
530 ◦C) is grown at a temperature in which In precursor leaves the surface before
complete cracking occurs, with considerable In desorption. This reduced availability
of type III atoms causes large migration of Ga substrate atoms to the islands, re-
sulting in the large concentration of Ga in the whole island, forming a ternary alloy
(InGaP) rather than pure InP islands.
At speciﬁc qr positions, meaning speciﬁc local lattice parameter (a’) values, an-
gular scans were performed to assess the lateral size of the QDs [3,25]. The island
lateral size L is inversely proportional to the width at half maximum σ of the angular
scan, so that L = 2π/σ. Figure 8(a) shows angular scans for sample B at indicated a′
values. The islands are wider at the base, as seen by AFM proﬁles, presenting an an-
gular scan with smaller σ. As a’ relaxes to aInP (5.86 A˚), increases, a clear indication
of a narrower scattering region, that is, the top of the islands. Figures 8(b) and 8(c)
show the dependence of L with a’ for samples B and C, respectively. QDs present in
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Fig. 8. (a) Angular scan proﬁles obtained for sample B at distinct in-plane lattice parameter
(a’) conditions. Lateral size extracted from angular scan widths for samples B and C are
shown in (b) and (c), respectively. (d) Elemental concentration map in real space retrieved
by the combination of X-ray diﬀraction results and AFM average proﬁles for the islands of
sample B [10,17].
Fig. 9. Arrhenius plot from the Ga volume fraction integrated for islands in samples A, B,
C, allowing to infer the activation energy for incorporation of Ga atoms into the islands.
sample B show a monotonic decrease of L as a’ increases, indicating that the lattice
relaxes elastically as it grows away from the substrate. As for C, a more pronounced
descent occurs, indicating that a second mechanism of lattice relaxation is present.
Comparing the slope of L as a function of a’ for samples B and C we conclude that
relaxation is mainly elastically driven for the former and chemically driven for the
latter [17].
In order to obtain average numbers of chemical concentration and strain relax-
ation, a plot of chemical composition as a function of height and width is necessary.
From the AFM proﬁle, the height h of a typical island was related to its lateral
width L, corrected to yield maximum L at h = 0. Angular scans allow for correlating
the width L to the local lattice parameter a’. The chemical concentration on the
islands obtained from the radial scans in Fig. 6 was also displayed as a function of a’
[Fig. 7]. The data of these three analyses were combined to build maps where the
chemical concentration averaged over L for each iso-lattice parameter region in the
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islands is shown as function of height [Fig. 8(d)]. When combining the analysis from
the AFM with the one from the angular scans, an error of 10% in the island di-
mensions is expected due to convolution of the islands with the tip (inﬂuences the
AFM proﬁle) and to an amorphous oxide cap on the QDs, which results in a max-
imum width from AFM larger than the one obtained from the angular scans, since
the amorphous oxide layer does not contribute to . Lateral concentration proﬁles [26]
were not probed in the direction of the radial scan, so the results presented provide
only the vertical variation of concentration, averaged over the width L of the QDs.
Finally, the Ga concentration can be evaluated for islands in each of the samples
grown at high In ﬂux. By plotting the volume fraction of Ga inside samples A, B and C
as a function of the inverse of the growth temperature (Arrhenius plot) the activation
energy (Ea) for incorporation of one Ga atom inside the InP islands can be extracted
for the CBE growth conditions used. The obtained Ea has a value of 187meV/atom,
very reduced with respect to values of Ga incorporation via bulk diﬀusion, typically
of a few eV [27,28]. Such result points out for an important contribution from sur-
face kinetics to the incorporation of Ga inside the islands, in agreement with the In
desorption scenario expected for temperatures around 500 ◦C.
4 Conclusions
Two systems were studied in this work, representing variations of the possibilities
of combined anomalous X-ray scattering and grazing incidence diﬀraction analysis
of epitaxial nanostructures. The ﬁrst system, EuTe:SnTe, was studied in its chemical
aspects by directly accessing the vicinity of the Eu L3 edge. It was shown that coherent
SnTe capped EuTe islands present a considerable degree of interdiﬀusion of Sn, which
can aﬀect the magnetic and optoeletronic behavior of such nanostructures. Although
a three dimensional concentration and strain map could not be directly retrieved,
projection maps were drawn, allowing the visualization of the lateral sizes of iso-
lattice parameter and iso-composition regions. Such information can already provide
clues for future analysis of conﬁned electronic states in similar QD systems.
The second system, in which a quaternary alloy is formed by deposition of InP
on GaAs, was studied by means of complementary anomalous X-ray diﬀraction using
the Ga and As K-edges. The interdiﬀusion of substrate atoms into the islands grown
at diﬀerent temperatures and growth rates was discussed, allowing to understand
the possibilities of ﬁne tuning of the optoelectronic properties in these QDs. Finally,
the activation energy for the incorporation of Ga adatoms in the high ﬂux deposited
islands was extracted, showing that Ga migration into these islands has a relevant
surface diﬀusion component.
This work was supported by ABTLuS (Brazilian Synchrotron Association), FAPESP, and
CNPq (Brazilian fuding agencies).
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